Low-threshold stimulated emission at 249 nm and 256 nm from AlGaN-based multiple-quantum-well lasers grown on sapphire substrates Optically pumped deep-ultraviolet (DUV) lasing with low threshold was demonstrated from AlGaN-based multiple-quantum-well (MQW) heterostructures grown on sapphire substrates. The epitaxial layers were grown pseudomorphically by metalorganic chemical vapor deposition on (0001) sapphire substrates. Stimulated emission was observed at wavelengths of 256 nm and 249 nm with thresholds of 61 kW/cm 2 and 95 kW/cm 2 at room temperature, respectively. The thresholds are comparable to the reported state-of-the-art AlGaN-based MQW DUV lasers grown on bulk AlN substrates emitting at 266 nm. These low thresholds are attributed to the optimization of active region and waveguide layer as well as the use of high-quality AlN/sapphire templates. The stimulated emission above threshold was dominated by transverse-electric polarization. This work demonstrates the potential candidacy of sapphire substrates for DUV diode lasers. Deep-ultraviolet (DUV) emitters with wavelengths shorter than 280 nm have numerous applications such as high-density optical storage, disinfection, and biochemical identification. However, most of the commercially available DUV emitters including mercury lamps, quadrupled Nd:YAG lasers, and excimer lasers have limitations in many applications due to their large footprint, poor reliability, or toxicity. Recently, the III-N semiconductor-based UV light emitters have drawn great attention, as the AlInGaN direct bandgap covers the entire DUV range (200-280 nm), which can lead to efficient, compact, and reliable DUV emitters.
The material quality of III-N semiconductors, especially for Al x Ga 1Àx N (x > 0.50) materials with bandgap energies from 4.4 to 6.0 eV, is the key to the development of highperformance DUV emitters. However, it has been shown that generally there is a degradation of the structural quality of heteroepitaxial Al x Ga 1Àx N (x > 0.50) materials with increasing Al molar fraction. 1 This has a negative impact on the performance of DUV emitters since the quantum efficiency is more sensitive to the dislocation-related non-radiative recombination centers than for InGaN-based visible emitters. 2, 3 Although AlGaN-based electrically driven DUV light-emitting diodes (LEDs) have been realized on foreign substrates such as sapphire, 4 the high-dislocation density within the heteroepitaxial Al x Ga 1Àx N layers grown on foreign substrates makes the low-threshold DUV lasing below 280 nm by optical pumping or electrical pumping difficult to achieve [5] [6] [7] [8] [9] as the defects are more detrimental to performance of lasers.
Recently, low-threshold optically pumped DUV lasers containing AlGaN-based multiple-quantum wells (MQWs) have been demonstrated by homoepitaxial growth on c-plane bulk AlN substrates. [10] [11] [12] [13] [14] [15] Bulk AlN substrates were used in these studies due to their low-dislocation density and the reduction of the lattice mismatch and thermal expansion difference between the AlN substrate and Al-rich AlGaN epitaxial layers, thus leading to high-quality active regions with relatively low-dislocation density. However, because of limited availability, smaller area, impurity absorption, and high cost of the bulk AlN substrates today, it is much more desirable to grow DUV lasers on the vastly more available and lower-cost sapphire substrates.
In this paper, we report optically pumped AlGaN-based MQW DUV lasers grown on (0001) sapphire substrates by metalorganic chemical vapor deposition (MOCVD). Lasing at 249 nm ("the 249-nm laser") and 256 nm ("the 256-nm laser") with low pumping-power thresholds were demonstrated in an edge-emission configuration at room temperature (RT). Atomic-force microscopy (AFM), X-ray diffraction (XRD), and power-dependent photoluminescence (PL) measurements were carried out to investigate crystalline quality of the lasers and stimulated emission characteristics.
The entire epitaxial AlGaN MQW laser structure was grown on 2-in. diameter c-plane sapphire substrates in a 3 Â 2 00 AIXTRON low-pressure MOCVD reactor with a close-coupled showerhead configuration. As shown in the cross-sectional schematic diagram in Figure 1 , the structure first comprises an AlN template layer deposited directly on the sapphire substrate with a thickness of 3.5 lm estimated by in-situ reflectance monitoring. To achieve lasing from the MQW active region grown on sapphire substrates, the use of an AlN/sapphire template with relatively low threading dislocation density (TDD) was necessary to reduce the dislocation density in the active region and thus improve gain therein. In this work, the TDD of the template layer was 2.5 Â 10 9 /cm 2 as determined by cross-sectional transmissionelectron microscopy (TEM). This level of TDD was shown to lead to an estimated internal quantum efficiency (IQE) of $40%-60% for the AlGaN MQWs emitting at $250 nm by Ban et al., and thus can enable lasing. 3 The root-mean-square (RMS) surface roughness of the AlN template is less than 0.10 nm and 0.12 nm, respectively, as determined by 1 Â 1 lm 2 and 5 Â 5 lm 2 AFM measurements, which are comparable to bulk AlN substrates. 16 Thus, the AlN template layer used herein provided a smooth surface for subsequent growth of AlGaN-based laser structures.
Subsequently, a 90-nm Al x Ga 1Àx N grading waveguide layer, five periods of 2.0-nm-Al 0.66 Ga 0.34 N/4.8-nmAl 0.83 Ga 0.17 N MQWs designed for laser emission at around 250-255 nm and a thin Al 0.83 Ga 0.17 N cap layer for surface passivation and carrier confinement were grown on the AlN template layer sequentially. The composition and thickness of these AlGaN-based layers were optimized experimentally to improve gain and enhance optical confinement in the active region and thus reduce threshold. In the future, detailed waveguide modeling will be carried out to further optimize the structure. As shown in the asymmetric (105) reciprocal space mapping (RSM) by XRD in Figure 2(a) , all the epitaxial layers were pseudomorphically grown and thus fully strained, which retained the quality of the AlN template layer. The 5 Â 5 lm 2 AFM image of Figure 2(b) shows the surface of a MQW laser wafer, where terraced step flows were observed indicating two-dimensional epitaxial growth. The RMS roughness is 0.49 nm.
Subsequent to the growth, the wafer was cleaved into Fabry-Perot laser bars assisted by laser 17 or hand scribing from the back side of the 430 lm-thick sapphire substrates. The laser scribing was shown to lead to a smoother and more uniform facet than the hand scribing observed by scanning electron microscopy (SEM) in this study. No high-reflection (HR) coating was applied to facets of the bars as was done in one of our previous studies. 18 The laser bars were optically pumped at RT by an ArF excimer laser (k ¼ 193 nm) with a pulse width of 20 ns and frequency of 10 Hz. The excitation stripe was perpendicular to the cleaved facets of the laser bars. Details of optical pumping experiment can be found elsewhere. 12 The RT PL spectra of the 249-nm laser and 256-nm laser with pumping power densities below and above the lasing threshold are shown in Figures 3(a) and 4(a) , respectively. The 249-nm laser and 256-nm laser were scribed by laser and hand, respectively. The difference of the emission wavelengths of 7 nm between the two lasers is due to normal shift of sample condition between 2-in. wafers grown in this MOCVD reactor. The cavity lengths of the 249-nm laser and 256-nm laser are 1.20 mm and 1.17 mm, respectively. In Figures 3(b) and 4(b) , the spectral integrated intensities as a function of the pumping power density of the 249-nm laser and the 256-nm laser demonstrate threshold pumping power densities of 95 kW/cm 2 and 61 kW/cm 2 , respectively. As also shown in Figures 3(b) and 4(b) , spectral linewidth of the 249-nm laser and the 256-nm laser gradually reduces with increasing pumping power density and reaches 0.8 and 1.6 nm at the maximum measured pumping-power density, indicating stimulated emission. The higher slope efficiency and smaller linewidth of the 249-nm laser than those of the 256-nm laser probably result from a smoother and more uniform facet because of the laser scribing. The thresholds are more than an-order-of-magnitude lower than the previously reported optically pumped AlGaN MQW DUV laser grown on foreign 4H-SiC substrates. 8 In addition, the thresholds are comparable with the reported state-of-the-art optically pumped AlGaN MQW DUV lasers grown on bulk AlN substrates lasing at 266 nm with a threshold of 41 kW/cm It is difficult to explain this comparability without knowing details such as structure, growth conditions, and pumping conditions of Ref. 19 . The AlN substrate possesses much lower TDD than the AlN/sapphire templates used in this study and thus could potentially lead to a high IQE and an even lower threshold. However, the following studies may shed some light on explaining the comparability of thresholds. Preliminary results from temperature-dependent PL studies of AlGaN MQWs with different structures grown on the AlN/sapphire templates used in this study show IQE values are in the range of 30%-56% at 300 K at a power density of 134 kW/cm 2 . 20 14 Thus, the severe absorption could limit the performance of AlGaN DUV MQW laser grown on currently available AlN substrates. These studies indicate that the AlGaN MQW DUV lasers on bulk AlN substrates may exhibit much lower thresholds than the current reported values with further optimized growth condition and reduced absorption in the DUV spectrum.
Polarization of the stimulated emission was measured at RT by the experimental setup reported elsewhere. 12 Figures 5(a) and 5(b) show the transverse electric (TE) and transverse magnetic (TM) emission spectra of the 249-nm laser and 256-nm laser operating at pumping power densities about three times of the respective thresholds. For the 249-nm laser and 256-nm laser, the stimulated emission is strongly TE-polarized with the degree of polarization (P), defined as P ¼ (I TE À I TM )/(I TE þ I TM ), equal to 0.98 and 0.72, respectively. This result indicates the dominant band transition was between the conduction band and heavy hole band for the AlGaN MQW DUV lasers grown on the sapphire substrate emitting at 249 nm and 256 nm, thanks to the pseudomorphic growth and thus strong compressive strain in the MQWs. 24 The result is similar to the stimulated emission polarization measured from the AlGaN MQW DUV lasers grown on AlN substrates at similar emission wavelengths. 17 In summary, we have achieved room-temperature stimulated emission and laser operation from AlGaN-based MQW DUV heterostructures grown on (0001) sapphire substrates at 249 nm with a threshold of 61 kW/cm 2 and at 256 nm with a threshold of 95 kW/cm 2 . The use of relatively low-dislocation-density AlN template layers and the optimization of the growth conditions for the waveguide layer and active region are the keys to enabling low-threshold laser action. The laser emission is dominated by TE-polarized emission, which is comparable to the lasers grown on bulk AlN substrates at similar wavelengths. The results demonstrate excellent candidacy of sapphire substrates for the development of highperformance III-N DUV laser diodes. 
